Clearance of extracellular glutamate is essential for limiting the activity of metabotropic glutamate receptors (mGluRs) at excitatory synapses; however, the relative contribution of transporters found in neuronal and glial membranes to this uptake is poorly understood. Hippocampal interneurons located at the oriens-alveus border express mGluR1␣, a metabotropic glutamate receptor that regulates excitability and synaptic plasticity. To determine which glutamate transporters are essential for removing glutamate at these excitatory synapses, we recorded mGluR1-mediated EPSCs from oriens-lacunosum moleculare (O-LM) interneurons in acute hippocampal slices. Stimulation in stratum oriens reliably elicited a slow mGluR1-mediated current in O-LM interneurons if they were briefly depolarized to allow Ca 2ϩ entry before stimulation. Selective inhibition of GLT-1 [for glutamate transporter; EAAT2 (for excitatory amino acid transporter)] with dihydrokainate increased the amplitude of these responses approximately threefold, indicating that these transporters compete with mGluRs for synaptically released glutamate. However, inhibition of all glutamate transporters with TBOA (DL-threo-bbenzyloxyaspartic acid) increased mGluR1 EPSCs Ͼ15-fold, indicating that additional transporters also shape activation of these receptors. To identify these transporters, we examined mGluR1 EPSCs in mice lacking GLAST (for glutamate-aspartate transporter; EAAT1) or EAAC1 (for excitatory amino acid carrier; EAAT3). A comparison of responses recorded from wild-type and transporter knock-out mice revealed that the astroglial glutamate transporters GLT-1 and GLAST, but not the neuronal transporter EAAC1, restrict activation of mGluRs in O-LM interneurons. Transporter-dependent potentiation of mGluR1 EPSCs led to a dramatic increase in interneuron firing and enhanced inhibition of CA1 pyramidal neurons, suggesting that acute or prolonged disruption of transporter activity could lead to changes in network activity as a result of enhanced interneuron excitability.
Introduction
Glutamate transporters prevent the accumulation of extracellular glutamate that would otherwise lead to tonic activation of receptors, disrupted signaling, and excitotoxic damage. Because they are present at high densities near synapses (Lehre and Danbolt, 1998) and have a high affinity for glutamate, glutamate transporters also can influence the number of receptors that bind transmitter (Tong and Jahr, 1994; Diamond and Jahr, 1997) and the length of time that they are activated after release (Otis et al., 1996; Arnth-Jensen et al., 2002) . However, the impact of transporter-mediated clearance varies dramatically among synapses; it depends on the synaptic structure, the amount of glutamate released, and the properties and distribution of glutamate receptors. Although the influence of transporters on the excitation of principal neurons has been examined in many brain regions (Danbolt, 2001) , less is known about the contribution of transporters to clearance of glutamate at excitatory synapses on inhibitory interneurons (Carter and Regehr, 2000; Clark and CullCandy, 2002) . In cerebellar Purkinje neurons, transporter inhibition profoundly enhances activation of perisynaptic metabotropic glutamate receptors (mGluRs) (Brasnjo and Otis, 2001) , suggesting that these receptors must compete with transporters for glutamate as it diffuses out of the cleft. The slow turnover rate of transporters relative to rates of release may create a frequency filter, ensuring that mGluRs are activated only when glutamate is repeatedly released from the same site.
At least five different glutamate transporters are expressed in the CNS, which have been named GLAST [for glutamate-aspartate transporter; EAAT1 (for excitatory amino acid transporter)], GLT-1 (for glutamate transporter; EAAT2), EAAC1 (for excitatory amino acid carrier; EAAT3), EAAT4, and EAAT5 (Danbolt, 2001 ). GLAST and GLT-1 are expressed primarily by astroglial cells, EAAC1 and EAAT4 are expressed by neurons, and EAAT5 is found only in the retina (Danbolt, 2001) . Although much has been learned about the distribution of these transporters, little is known about their relative contributions to the clearance of glutamate away from receptors at synapses. The occupancy of mGluRs in Purkinje neurons (Brasnjo and Otis, 2001 ) and NMDA receptors in hippocampal pyramidal neurons (Diamond, 2001) are increased when glutamate uptake into the these neurons is selectively disrupted, suggesting that postsynaptic transporters (e.g., EAAC1 and EAAT4) shield receptors. However, astrocytes are tightly associated with synapses along these perisynaptic regions (Spacek, 1985) , and quantitative measurements of transporter densities (Lehre and Danbolt, 1998) and glutamate uptake indicate that GLAST and GLT-1 are the most abundant glutamate transporters in brain tissue. Nevertheless, it is not known whether astroglial transporters also regulate the accessibility of mGluRs to synaptically released glutamate.
Here we show that mGluR1-mediated synaptic currents could be evoked in hippocampal oriens-lacunosum moleculare (O-LM) interneurons if intracellular Ca 2ϩ was elevated in these cells before stimulation. These synaptic mGluR1 currents were greatly potentiated by pharmacological inhibition of glutamate transporters, and recordings from mice deficient in glutamate transporters revealed that GLAST and GLT-1, but not EAAC1, were primarily responsible for shielding these perisynaptic receptors. Furthermore, inhibition of these transporters potentiated disynaptic inhibition of CA1 pyramidal cells, indicating that astroglial glutamate transporters may regulate hippocampal network excitability by regulating mGluR1 occupancy at interneuron synapses.
Materials and Methods
Glutamate transporter-deficient mice. The generation of EAAC1 Ϫ/Ϫ mice and GLAST Ϫ/Ϫ mice have been described previously (Peghini et al., 1997; Watase et al., 1998) . All comparisons between specific transporter knockout mice and wild-type mice were performed between littermates obtained from heterozygous matings. The genotype of all experimental animals was determined by PCR.
Slice preparation. Postnatal day 18 (P18) to P20 rats and P15-P20 mice were deeply anesthetized by halothane and killed by decapitation, in accordance with protocols approved by the Johns Hopkins University Animal Care and Use Committee. Hippocampi were removed and cut into 400 m slices using a vibratome (VT1000S; Leica, Nussloch, Germany) in ice-cold saline solution containing the following (in mM): 110 choline chloride, 2.5 KCl, 7 MgSO 4 , 0.5 CaCl 2 , 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 glucose, 11.6 Na-ascorbate, and 3.1 Na-pyruvate (saturated with 95% O 2 -5% CO 2 ). Slices were then incubated at 37°C for 30 min in artificial CSF (ACSF) composed of (in mM) 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , and 11 glucose (saturated with 95% O 2 -5% CO 2 ) and then allowed to recover for at least 30 min at room temperature (22-24°C) before experimentation.
Electrophysiological recordings. During experimentation, slices were superfused with ACSF that was heated to 33-35°C by passing the solution through a feedback controlled in-line heater (Warner Instruments, Hamden, CT) before entering the chamber. O-LM interneurons were visualized in stratum oriens using infrared differential interference contrast imaging with a 40ϫ water immersion objective on an upright microscope (Axioskop 2FS; Zeiss, Thornwood, NY) equipped with a CCD camera (XC-73; Sony, Tokyo, Japan). O-LM interneuron whole-cell voltage-clamp recordings were made with an internal solution containing the following (in mM): 105 CsCH 3 O 3 S, 20 tetraethylammonium (TEA)-Cl, 20 HEPES, 10 EGTA (or 10 or 40 BAPTA, when noted), 1 MgCl 2 , 2 Na 2 -ATP, 0.2 Na-GTP, and 1 QX-314, pH 7.3. O-LM interneuron whole-cell current-clamp recordings were made with a solution containing the following (in mM): 120 KCH 3 O 3 S, 20 HEPES, 10 EGTA, 1 MgCl 2 , 2 Na 2 -ATP, and 0.2 Na-GTP, pH 7.3. Excitatory afferents were stimulated using a glass pipette filled with ACSF. Stimuli (20 -35 A)
were generated using a constant-current isolated stimulator (DS3; Digitimer, Hertfordshire, UK), and a programmable pulse generator (Master-8; A.M.P.I., Jerusalem, Israel) was used to trigger a train of pulses (10 pulses at 100 Hz; 200 sec duration for each pulse). Synaptic currents were recorded with a MultiClamp 700A amplifier (Axon Instruments, Foster City, CA), filtered at 3 kHz, amplified 5ϫ or 10ϫ (440; Brownlee, San Jose, CA), and then digitized at 10 kHz (Digidata 1322A; Axon Instruments). Data were analyzed off-line using pClamp 9 (Axon Instruments) and Origin (Microcal Software, Northampton, MA) software. The action potentials for waveform analysis were elicited by injecting just enough current to induce spontaneous firing. Action potential properties were determined as described previously (Zhang and McBain, 1995) . IPSCs were recorded from CA1 pyramidal neurons using an internal solution containing the following (in mM): 100 CsCl, 20 TEA-Cl, 20 HEPES, 10 EGTA, 1 MgCl 2 , 2 Na 2 -ATP, and 0.2 Na-GTP, pH 7.3. The charge transfer associated with IPSCs was determined by integrating the charge over a window of 4 sec, starting 220 msec after the last stimulus artifact. Statistical significance was determined using the Student's t test (paired or unpaired, depending on the experiment), and mean values are expressed Ϯ SEM.
Photolysis experiments were performed on an upright microscope (Axioskop FS2; Zeiss) to which the output of an argon ion laser (Stabilite 2017S; Spectra-Physics, Mountain View, CA) was coupled to the fluorescence light path using a multi-mode quartz fiber optic cable (Oz Optics, Carp, Ontario, Canada). The laser output was tuned to 333.6 -363.8 nm and had an average output of ϳ230 mW before entering the fiber. The UV beam was focused to a ϳ50 m spot on the preparation using a 40ϫ water immersion objective (LUMPlanFl; Olympus Optical, Tokyo, Japan). This spot was centered on the soma of the recorded cell using a second targeting laser (632 nm), and photolysis was induced by opening a high-speed shutter (NM Laser Products, Sunnyvale, CA) for 1 msec. The caged compound, 4-methoxy-7-nitroindolinyl-L-glutamate (MNI-L-glutamate) (125 M; Tocris Cookson, Ellisville, MO) was dissolved in a HEPES-buffered solution composed of the following (in mM): 137 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , and 20 HEPES, pH 7.3. Any antagonists included in the bath solution were also included in solutions containing the caged compound. Solutions containing MNI-L-glutamate were superfused locally onto the slice through a wide-bore pipette placed near the recording area. Astrocyte recordings were performed with an internal solution containing (in mM): 130 CsCH 3 O 3 S, 20 HEPES, 10 EGTA, 1 MgCl 2 , 2 Na 2 -ATP, and 0.2 Na-GTP, pH 7.3. Whole-cell currents were recorded with an Axopatch 200B amplifier (Axon Instruments), filtered at 2 kHz, and digitized at 20 kHz.
Morphological reconstruction and immunocytochemistry. O-LM interneurons were filled with neurobiotin (0.2% w/v in intracellular solution; Vector Laboratories, Burlingame, CA) for 30 min during recordings and then incubated in oxygenated ACSF for 5-9 hr after removal of the recording electrode. Slices were then fixed overnight in 4% formaldehyde and 0.2% picric acid in PBS at 4°C and resectioned at 80 m on a vibratome (VT1000S; Leica). These sections were processed using avidin-HRP reaction (Elite ABC; Vector Laboratories), developed using 3-3Ј-diaminobenzidine (DAB) (Peroxidase Substrate kit, Vector Laboratories), and intensified using DAB enhancing solution (Vector Laboratories). Morphological reconstruction was made with the aid of an upright Zeiss microscope and drawing tube. 
Results

Isolation of an mGluR1-mediated synaptic current in O-LM interneurons
To determine whether glutamate transporters are essential for clearing glutamate away from mGluRs at excitatory synapses on hippocampal interneurons, we recorded from O-LM interneurons (sometimes referred to as O-A interneurons) in the oriensalveus region of area CA1. mGluR1␣ is highly expressed by O-LM interneurons (Baude et al., 1993) , and application of RS-1-aminocyclopentane-trans-1,3-dicarboxylic acid (trans-ACPD), a group I/II mGluR agonist, elicits an inward current in these cells (McBain et al., 1994) .
The ability of mGluRs to induce opening of cation channels in these neurons provides a means to monitor mGluR activity using electrophysiological techniques. Putative O-LM interneurons had large, oval-shaped cell bodies with two prominent dendrites extending parallel to the pyramidal cell layer. Injection of depolarizing current induced a train of action potentials in these neurons that did not exhibit spike frequency adaptation, and each action potential during the train was followed by a large spike afterhyperpolarization ( Fig. 1 A, inset) . Spontaneous action potentials recorded from these interneurons were 73.5 Ϯ 3.2 mV in amplitude and 1.3 Ϯ 0.1 msec in duration (n ϭ 6; 33-35°C). These electrophysiological properties are in accordance with those reported for O-LM interneurons (Zhang and McBain, 1995) . Reconstruction of neurobiotin-filled interneurons revealed that they had dendrites that extended parallel to the pyramidal cell layer and axons that projected through the pyramidal cell layer and ramified extensively in stratum-lacunosum moleculare (n ϭ 9 of 9 cells), morphological features unique to O-LM interneurons (Freund and Buzsáki, 1996) .
Although application of trans-ACPD elicits an inward current in O-LM interneurons (McBain et al., 1994; Gee et al., 2001 ), activation of an mGluR current in these cells after synaptic stimulation has not been reported previously. We found that brief, high-frequency stimulation in stratum oriens (100 Hz, 10 pulses, 200 sec, 20 -35 A per pulse) elicited a slowly developing inward current in some O-LM interneurons (n ϭ 7 of 20 cells) (Fig. 1B) , which persisted when AMPA (15 M NBQX and 25 M GYKI 52466), NMDA (10 M RS-CPP, 50 M MK-801, and 20 M 7-chlorokynurenate), and GABA A receptors (5 M SR-95531 and 20 M bicuculline) were blocked (n ϭ 7 of 7 cells); evoked responses also were not affected by the GABA B antagonist CGP 55845 (n ϭ 4 of 4 cells; data not shown). However, the low probability of observing this slow inward current limited our ability to examine transporter-receptor interactions. In cerebellar Purkinje neurons, mGluR1␣-mediated currents are potentiated when the cytosolic concentration of Ca 2ϩ is increased (Batchelor and Garthwaite, 1997) , suggesting that this manipulation might similarly increase mGluR1-mediated currents in O-LM interneurons. As shown in Figure 1 B, when O-LM interneurons were briefly depolarized to 0 mV (from Ϫ65 mV, 500 msec) just before stimulation to allow Ca 2ϩ influx through voltage-gated Ca 2ϩ channels, the amplitude of the evoked response was larger (without step, Ϫ29.8 Ϯ 6.2 pA; with step, Ϫ112.2 Ϯ 27.7 pA; n ϭ 11; p Ͻ 0.01), and the rise time was faster (20 -80% rise time: without step, 957 Ϯ 282 msec; with step, 94 Ϯ 9 msec; n ϭ 3; p Ͻ 0.05), although it was only possible to measure the latter feature accurately when the stimulus artifact did not obscure the onset of the response (3 of 11 cells). Using this protocol, slow synaptic currents were observed in 27 of 28 O-LM interneurons in AMPA, NMDA, and GABA A receptor antagonists (see above). This synaptic current was inhibited 92.8 Ϯ 1.1% (n ϭ 9) by the selective mGluR1 antagonist LY 367385 (50 M) (Fig. 1C) , indicating that the response was dependent on activation of mGluR1. This response was also blocked by SKF 96365 (50 M) (n ϭ 4 of 4 cells), an antagonist of receptor-gated cation channels that also inhibits mGluR1␣-mediated inward currents in Purkinje neurons (Kim et al., 2003) , suggesting that the synaptic currents recorded from O-LM interneurons resulted from activation of nonselective cation channels.
To confirm that the step depolarization facilitated the mGluR1 response by increasing [Ca 2ϩ ] i , we examined the size of these EPSCs when a high concentration of BAPTA (40 mM) was included in the pipette solution to rapidly chelate free Ca 2ϩ . As shown in Figure 2 A, responses recorded with this solution were significantly smaller than those recorded with the control solution (peak amplitude: 10 mM BAPTA, Ϫ121.2 Ϯ 36.2 pA, n ϭ 8; 40 mM BAPTA, Ϫ5.3 Ϯ 4.5 pA, n ϭ 5; p Ͻ 0.01), suggesting that elevation of [Ca 2ϩ ] i was responsible for step-induced potentiation of the mGluR1 EPSC. To examine the dependence of this response on the step parameters and to maximize the amplitude of the mGluR1 EPSC, we varied both the step duration and the delay between the end of the step and the beginning of the stimulus (Fig. 2 B, C) . The slow EPSC was close to its maximal amplitude when a 500 msec depolarization (from Ϫ65 to 0 mV) was applied 1 sec before stimulation; thus, this protocol was used for eliciting mGluR1 EPSCs in subsequent experiments.
Inhibition of glutamate transporters enhances activation of mGluR1␣
Ultrastructural studies indicate that mGluR1␣ receptors in O-LM interneurons are predominantly localized at the periphery of the postsynaptic density of type 1 excitatory synapses (Baude et al., 1993) , in close proximity to ensheathing glial membranes (Spacek, 1985; Ventura and Harris, 1999) . Despite the high affinity of mGluR1␣ (EC 50 of ϳ10 M) (Conn and Pin, 1997) and the amplification of mGluR-mediated currents by second messengers, the amplitude of mGluR1 EPSCs were small compared with responses evoked by exogenous mGluR agonists (McBain et al., 1994) , suggesting that these receptors may be exposed to only a fraction of the glutamate that is released. To determine whether glutamate transporters restrict activation of mGluR1 on O-LM interneurons, we examined whether glutamate transporter antagonists potentiated these synaptic currents. Application of 300 M dihydrokainate (DHK), a concentration that results in selective antagonism of GLT-1 (Arriza et al., 1994) , caused an approximately threefold increase in the amplitude of mGluR1 EPSCs (control, Ϫ97.5 Ϯ 31.8 pA; with DHK, Ϫ365.0 Ϯ 100.7 pA; n ϭ 8; p Ͻ 0.01) (Fig. 3 A, B) ; a similar effect was seen on the amount of charge transferred during mGluR1 EPSCs (control, 70.1 Ϯ 40.0 pC; with DHK, 206.7 Ϯ 64.7 pC; n ϭ 8; p Ͻ 0.001) (Fig.  3 A, B) . These results indicate that GLT-1, a transporter that is present at a high density in astrocyte membranes (Lehre and Danbolt, 1998) , restricts activation of these interneuron receptors. Subsequent application of a saturating dose of TBOA (DLthreo-b-benzyloxyaspartic acid) (100 M), an antagonist that blocks all glutamate transporters, caused an additional, more dramatic enhancement of these slow EPSCs (Fig. 3 A, B) . The current enhanced by transporter antagonists was mGluR1 dependent, because the peak amplitudes of the synaptic responses in TBOA were inhibited 94.0 Ϯ 2.2% (n ϭ 7) by LY 367385 (50 M) (charge transfer was inhibited 94.0 Ϯ 2.1%). As shown in Figure  3C , TBOA dramatically increased the size of mGluR1-mediated EPSCs elicited in response to a given stimulation intensity. In the absence of transporter inhibition, mGluR1 EPSCs (elicited by high-frequency stimulation) were always smaller than AMPA EPSCs (elicited by single stimuli). Neither DHK nor TBOA induced an increase in holding current in the absence of stimulation (data not shown) (Arnth-Jensen et al., 2002) , presumably because NMDA receptors were blocked in these experiments and the mGluR1-associated conductance depends on elevation of [Ca 2ϩ ] i .
To determine the effect of transporter inhibition on interneuron excitation as a consequence of increased mGluR activation, we made current-clamp recordings from O-LM interneurons and measured their response to a similar stimulus. As shown in Figure 4 , stimulation in the presence of TBOA led to a dramatic depolarization and sustained firing of action potentials that was not visible under control conditions (n ϭ 5 of 5 cells). This effect was blocked by LY 367385 (50 M) (n ϭ 2 of 2 cells), indicating that this powerful excitatory response was dependent on mGluR1. EPSCs under control conditions (10 stimuli at 100 Hz; E) (n ϭ 5-13), and mGluR EPSCs in the presence of TBOA (10 stimuli at 100 Hz; F) (n ϭ 8 -13) in response to stimuli of different intensity. When absent, error bars were shorter than the points.
Astrocyte glutamate transporters shield interneuron mGluRs mGluR1 EPSCs were potentiated more by TBOA than by DHK, suggesting that glutamate transporters other than GLT-1 also may be involved in clearing glutamate away from these receptors. Immunocytochemical localization studies indicate that three distinct transporters could participate in glutamate clearance at these synapses: GLT-1, GLAST, and EAAC1 (Rothstein et al., 1994; Lehre et al., 1995) ; a splice variant of GLT-1 (termed GLT1b) also may be expressed (Reye et al., 2002) but has pharmacological properties similar to full-length GLT-1 (Utsunomiya-Tate et al., 1997). To determine the relative contribution of GLAST and EAAC1 to clearance at these synapses, we performed a similar set of experiments in mice deficient in EAAC1 or GLAST, because selective antagonists for these transporters have not yet been developed. If a particular transporter is involved in clearing glutamate away from mGluRs, then potentiation of mGluR1 EPSCs by DHK should be greater in mice lacking this transporter because, in the absence of this transporter, GLT-1 would be expected to contribute proportionally more to uptake. As shown in Figure 5 , A and C, application of DHK (300 M) caused an approximately onefold to twofold potentiation of mGluR1 EPSCs in EAAC1 Ϫ/Ϫ mice, similar to that observed in wild-type littermates (fold increase, amplitude/charge transfer: EAAC1 ϩ/ϩ , 1.34 Ϯ 0.47/ 1.78 Ϯ 0.68, n ϭ 5; EAAC1 Ϫ/Ϫ , 1.60 Ϯ 0.21/0.96 Ϯ 0.31, n ϭ 6; p ϭ 0.32/p ϭ 0.16). In contrast, DHK (300 M) produced a much greater enhancement of mGluR1 EPSCs in GLAST Ϫ/Ϫ mice than in wild-type littermates (Fig. 5 B, C) (fold increase, amplitude/ charge transfer: GLAST ϩ/ϩ , 1.57 Ϯ 0.28/1.74 Ϯ 0.58, n ϭ 6; GLAST Ϫ/Ϫ , 7.25 Ϯ 1.47/6.90 Ϯ 1.07, n ϭ 11; p Ͻ 0.01/p Ͻ 0.001). The size of mGluR1 EPSCs were not significantly different between transporter knock-out and wild-type littermates for EAAC1 (peak amplitude/charge transfer: EAAC1 ϩ/ϩ , Ϫ113.9 Ϯ 18.2 pA/84.8 Ϯ 17.8 pC, n ϭ 5; EAAC1 Ϫ/Ϫ , Ϫ77.1 Ϯ 25.9 pA/ 67.6 Ϯ 15.2 pC, n ϭ 6; p ϭ 0.28/p ϭ 0.48) and GLAST (peak amplitude/charge transfer: GLAST ϩ/ϩ , Ϫ149.7 Ϯ 44.6 pA/ 109.8 Ϯ 32.9 pC, n ϭ 6; GLAST Ϫ/Ϫ , Ϫ111.9 Ϯ 15.4 pA/64.0 Ϯ 5.7 pC, n ϭ 8; p ϭ 0.45/p ϭ 0.23). These results suggest that GLT-1 and GLAST, but not EAAC1, determine how much glutamate is available to activate mGluR1 receptors in O-LM interneurons.
The effect of DHK was not equivalent to TBOA in GLAST Ϫ/Ϫ mice (fold increase over control in TBOA, peak amplitude/charge transfer: 11.12 Ϯ 1.82/24.46 Ϯ 2.84; n ϭ 7; p ϭ 0.06/p Ͻ 0.001), raising concerns that in the absence of GLAST another transporter (i.e., EAAC1 or another unidentified transporter) might also be involved in clearance. Alternatively, the discrepancy in potentiation by these two antagonists could be explained by differences in the ability of DHK and TBOA to inhibit GLT-1 (Bergles et al., 2002) . To examine the efficacy of GLT-1 antagonism by DHK, we recorded glutamate transporter currents from stratum oriens astrocytes elicited through photolysis of caged L-glutamate (MNI-L-glutamate, 125 M). As shown in Figure 6 , a brief (1 msec) flash of UV light elicited an inward current in astrocytes that were exposed to MNI-L-glutamate. This current was not observed when MNI-L-glutamate was absent from the superfusing solution or when the UV beam was shuttered, and the response was blocked by TBOA (200 M), indicating that this current was produced by the electrogenic cycling of glutamate transporters. In wild-type mice, DHK (300 M) inhibited the peak amplitude of these responses by 54.3 Ϯ 1.3% and slowed their decay (tau decay, single exponential fit: control, 14.7 Ϯ 0.8 msec; DHK, 40.9 Ϯ 3.0 msec; n ϭ 10; p Ͻ 0.001), similar to effects seen on transporter currents evoked in astrocytes through synaptic release (Bergles and Jahr, 1997) . The effects of 300 M DHK in EAAC1 Ϫ/Ϫ mice were similar to those seen in wild-type mice (percentage of inhibition by DHK, 56.8 Ϯ 1.8%, n ϭ 4, p ϭ 0.295; tau decay in DHK, 53.8 Ϯ 2.6 msec, n ϭ 3, p Ͻ 0.05) (Fig. 6 A, B) . In contrast, DHK produced a greater inhibition of the peak amplitude (82.6 Ϯ 0.7%; n ϭ 8; p Ͻ 0.001) and a greater slowing of the decay of transporter currents in GLAST Ϫ/Ϫ mice (tau decay in DHK, 125.3 Ϯ 8.9 msec; n ϭ 8; p Ͻ 0.001) (Fig. 6 A, B) . However, this concentration of DHK (300 M) did not completely block astrocyte transporter currents in GLAST Ϫ/Ϫ mice. Because only GLT-1 and GLAST are expressed by astrocytes, these results suggest that 300 M DHK was not sufficient to block all GLT-1 activity, providing an explanation for the differential potentiation of mGluR1 EPSCs by TBOA and DHK in these mice. Increasing the concentration of DHK to 1 mM increased the inhibition of the transporter current to 91.6 Ϯ 0.5% (n ϭ 4; p Ͻ 0.001) (Fig. 6 A, B) and increased the potentiation of mGluR1 EPSCs in GLAST Ϫ/Ϫ mice to the level of that observed with TBOA ( Fig. 5C ) (fold increase over control in 1 mM DHK vs 100 M TBOA, peak amplitude/charge transfer: 10.94 Ϯ 1.85/19.63 Ϯ 3.66; n ϭ 6; p ϭ 0.47/p ϭ 0.16), although 1 mM DHK had no greater effect than 300 M DHK on the amplitude or charge transfer of mGluR1 EPSCs in wild-type mice (Fig. 5C ) (fold increase, peak amplitude/ charge transfer: 1 mM DHK, 2.03 Ϯ 0.71/1.04 Ϯ 0.60, n ϭ 4; 100 M TBOA, 11.57 Ϯ 2.37/19.95 Ϯ 5.23; p Ͻ 0.01/p Ͻ 0.01).
Inhibition of glutamate transporters enhances inhibition of CA1 pyramidal neurons
The axons of O-LM interneurons ramify extensively in stratumlacunosum moleculare where the distal dendrites of CA1 pyramidal cells are located, and results obtained from paired recordings indicate that GABA released from O-LM interneurons elicits GABA A receptor-mediated currents in pyramidal neurons (Maccaferri et al., 2000) . The ability of astrocyte glutamate transporters to regulate mGluR1-dependent excitation of O-LM interneurons (Fig. 4) suggested that transporter inhibition might facilitate the release of GABA from these cells. To investigate this possibility, we recorded the response of CA1 pyramidal neurons to the same stratum oriens stimulation used to elicit mGluR1 responses in interneurons. These experiments were done in the presence of AMPA (15 M NBQX and 25 M GYKI 52466), NMDA (10 M RS-CPP, 50 M MK-801, and 20 M 7-chlorokynurenate), and GABA B (1 M CGP 55845) receptor antagonists to isolate GABA A receptor currents, and with internal solution containing a high [Cl Ϫ ] to enlarge these responses. As shown in Figure 7A , stimu- lation in stratum oriens elicited rapid inward currents in pyramidal neurons, the onset of which was partially obscured by the train of stimuli. In the presence of TBOA (100 M), a burst of IPSCs became visible after stimulation (Fig. 7B) , which reached its peak amplitude several hundred milliseconds after the end of the stimulus, in accordance with the delayed onset and slow rise of mGluR1-mediated currents in O-LM interneurons (Fig. 1 B) . Note that a depolarizing step was not applied to O-LM interneurons during this experiment. This burst of IPSCs increased the charge transfer in response to stimulation 3.69 Ϯ 0.84-fold (n ϭ 12; p Ͻ 0.001) (Fig. 7E ). This increase in IPSC frequency was blocked by LY 367385 (50 -100 M) (0.38 Ϯ 0.24-fold increase; n ϭ 8; p ϭ 0.602), indicating that it required activation of mGluR1. In the presence of TBOA, all evoked responses were blocked by SR 95531 (5 M) (n ϭ 4 of 4 cells) (Fig. 7D,E) , ruling out the possibility that the slow component was mediated by mGluRs on pyramidal cells themselves. These results indicate that inhibition of astrocyte glutamate transporters facilitates the inhibition of CA1 pyramidal neurons by potentiating mGluR1-mediated excitation of O-LM interneurons.
Discussion
In this study, we show that an mGluR1-dependent slow inward current can be elicited in hippocampal O-LM interneurons after stimulation of excitatory afferents in stratum oriens. This response was often revealed only when [Ca 2ϩ ] i was elevated in interneurons at the time of stimulation, providing an explanation for why this current has not been observed previously (Gee et al., 2001) . A similar Ca 2ϩ dependence has been reported for postsynaptic mGluR1 activity at parallel fiber-Purkinje neuron synapses in the cerebellum (Batchelor and Garthwaite, 1997) , suggesting that mGluR1 could serve as a coincidence detector to monitor presynaptic glutamate release and postsynaptic Ca 2ϩ transients in both types of GABAergic neurons.
Regulation of mGluR1 activation by glial glutamate transporters
Inhibition of GLT-1 transporters caused an approximately twofold to threefold increase in the size of mGluR1 EPSCs in O-LM interneurons, whereas inhibition of all glutamate transporters caused a much larger potentiation, indicating that binding and/or uptake of glutamate by transporters restricts activation of mGluRs at these synapses. The relatively small enhancement of mGluR1 EPSCs by DHK suggests that GLT-1 is only a minor contributor to this regulation, particularly when considering that the potentiation by TBOA, and to a lesser extent by DHK, may have been underestimated, because transporter inhibition in TBOA may have decreased glutamate release by simultaneously enhancing activation of presynaptic mGluRs (Scanziani et al., 1998) . These results seem at odds with the density of GLT-1 in the hippocampus, which is almost four times more abundant than GLAST (Lehre and Danbolt, 1998) . This discrepancy could be explained if the relative densities of GLAST and GLT-1 are different at these particular synapses. It is also possible that the coupling between mGluR1 and cation channels is nonlinear, enabling the synaptic current to become disproportionately larger as more mGluRs are activated in TBOA. Nevertheless, the modest effect of DHK suggests that there are sufficient remaining GLAST transporters to compensate for the loss of GLT-1. This hypothesis is consistent with the findings that astrocyte transporter currents were inhibited only ϳ50% by 300 M DHK (Fig. 6 ) and that 1 mM DHK did not potentiate mGluR1 EPSCs more than 300 M DHK in wild-type mice, although this higher concentration of DHK inhibited astrocyte transporter currents and potentiated mGluR1 EPSCs to a greater extent in GLAST Ϫ/Ϫ mice. Indeed, previous studies have shown that the pool of astrocyte transporters in stratum radiatum is not saturated after high-frequency stimulation, even when GLT-1 transporters are blocked with DHK (Diamond and Jahr, 2000) . The decrease in expression of GLAST during development (Furuta et al., 1997) suggests that a proportionally larger role will be played by GLT-1 as the animal matures. Together, these results indicate that two astrocyte transporters, GLT-1 and GLAST, restrict activation of mGluR1 at excitatory synapses on O-LM interneurons.
Although immunolocalization studies indicate that GLT-1 is highly expressed by astrocytes (Rothstein et al., 1994; Lehre et al., 1995) , in situ hybridization (Schmitt et al., 1996; Berger and Hediger, 1998 ) and immunolocalization studies (Chen et al., 2004) suggest that GLT-1 is also expressed by some CA3 pyramidal neurons. It is unlikely that the GLT-1 transporters contributing to uptake near these mGluRs reside in neuronal membranes, because O-LM interneurons in area CA1 receive primarily feedback excitation from CA1 pyramidal neurons rather than feedforward excitation from CA3 pyramidal neurons (Freund and Buzsáki, 1996) , and glutamate transporter currents have not been observed in either CA1 or CA3 hippocampal pyramidal neurons (Bergles and Jahr, 1998) .
The contribution of neuronal transporters to uptake at excitatory synapses Recent studies suggest that neuronal glutamate transporters shield postsynaptic receptors at cerebellar (Brasnjo and Otis, 2001 ) and hippocampal (Diamond, 2001) synapses. EAAC1 is expressed by most neurons in the hippocampus (Rothstein et al., 1994) , where it is found primarily in the somodendritic compartment (He et al., 2000) . Although a detailed analysis of EAAC1 expression by interneurons has not been performed, EAAC1 mRNA is observed in stratum oriens interneurons (Berger and Hediger, 1998) . Nevertheless, the similar potentiation of mGluR1 responses by DHK in wild-type and EAAC1 Ϫ/Ϫ mice suggests that EAAC1 contributes little to clearance near these receptors. Although the amplitudes of mGluR1 EPSCs in GLAST Ϫ/Ϫ mice were increased to a similar extent by 300 M DHK and 100 M TBOA, these responses were more prolonged in TBOA, as shown by the enhanced charge transfer (Fig. 5) . The K i of TBOA is ϳ10-fold lower than DHK at EAAT2 (K i of TBOA, 5.7 M; K i of DHK, 79 M) (Shimamoto et al., 1998) and unbinds from GLT-1 ϳ10 times more slowly (Bergles et al., 2002) . The persistent rise in extracellular glutamate resulting from high-frequency stimulation may force displacement of DHK, allowing GLT-1 to participate in clearance. Consistent with this possibility, 1 mM DHK increased the inhibition of astrocyte transporter currents and potentiated mGluR1 EPSCs to a similar extent as TBOA in GLAST Ϫ/Ϫ mice, suggesting that the discrepancy between the potentiation seen by DHK and TBOA in these mice is attributable, in part, to poorer antagonism of GLT-1 by DHK. However, it has been reported that DHK inhibits EAAC1 with a K i of 1.12 mM (Dowd et al., 1996) (but see Arriza et al., 1994) , raising the possibility that inhibition of EAAC1 also may have contributed to the increased potentiation seen in GLAST Ϫ/Ϫ mice in response to 1 mM DHK. Because 1 mM DHK did not produce greater potentiation than 300 M DHK in wild-type animals, EAAC1, if involved, is likely to be redundant with GLAST. However, when analyzing complex phenomena in knock-out animals, there is the concern of compensation. Although a global upregulation of GLT-1 or GLAST is not observed in EAAC1 Ϫ/Ϫ mice (Peghini et al., 1997) , there could be local changes in the distribution or expression of these transporters at a subset of synapses. Notably, there was no significant change in inhibition of astrocyte transporter currents by DHK in EAAC1 Ϫ/Ϫ mice (Fig. 6) , suggesting that relative abundance of GLAST and GLT-1 is unaltered in astrocytes in these mice.
The prominent role of astrocyte transporters in lowering mGluR1 occupancy at these synapses contrasts with parallel fiber-Purkinje neuron synapses in the cerebellum, in which postsynaptic transporters appear to contribute significantly to clearance (Brasnjo and Otis, 2001 ). Purkinje neurons, unlike O-LM interneurons, express high levels of EAAT4, and recent studies indicate that EAAT4 is responsible for the postsynaptic transporter currents recorded from Purkinje neurons (Huang et al., 2004) . These studies, and the present results, suggest that EAAC1 contributes little to perisynaptic clearance at these two excitatory synapses. Notably, EAAC1 is expressed by GABAergic interneurons, and glutamate accumulated by this transporter can be used for GABA synthesis Sepkuty et al., 2002; Mathews and Diamond, 2003) , suggesting that it may serve as a metabolic transporter rather than one specialized for removing synaptic glutamate. However, selective inhibition of postsynaptic transporters (presumably EAAC1) has been shown to slow the decay of evoked NMDA synaptic currents in CA1 pyramidal neurons (Diamond, 2001) . Although the association of astroglia with synapses is essential for placing transporters near release sites (Iino et al., 2001; Oliet et al., 2001) , the extent of this ensheathment varies dramatically among hippocampal synapses (Ventura and Harris, 1999) , raising the possibility that EAAC1 may prevent spillover of transmitter at synapses that are devoid of astroglia.
Implications for neuronal excitability
Glutamate transporter inhibition potentiated mGluR1 activity in interneurons, increased their firing rate, and greatly enhanced the inhibition of CA1 pyramidal neurons. In cultured hippocampal slices, stimulation of mGluR1 and mGluR5 also have been shown to potentiate inhibition of CA3 pyramidal neurons by increasing interneuron excitability (Maccaferri and Dingledine, 2002; Mori and Gerber, 2002) , and, in acute slices from guinea pig, tetanic stimulation in the presence of AMPA and NMDA receptor antagonists induces a transient increase in IPSPs in CA3 pyramidal neurons (Miles and Poncer, 1993) , indicating a prominent role for mGluRs in regulating interneuron activity. Under physiological conditions, even small shifts in the membrane potential of interneurons caused by moderate mGluR1 activity could serve as a mechanism for short-term regulation of local circuit inhibition, because the timing of action potential firing in these cells is highly sensitive to the resting potential (Freund and Buzsáki, 1996) . This modulation of O-LM interneuron mGluR1 activity by astrocyte glutamate transporters may fine tune the inhibition of perforant path inputs to CA1 pyramidal neurons (Kang et al., 1998) , providing insight into the potential consequences of transporter dysregulation.
There is accumulating evidence that the activity of GLT-1 and GLAST are tightly regulated through changes in expression, trafficking, phosphorylation, and interactions with accessory proteins Gegelashvili et al., 1997) . Furthermore, their expression is closely correlated with neuronal activity (Rao et al., 1998) and is disrupted after trauma (Wong et al., 2003) , in epilepsy (Danbolt, 2001) , and in many neurological diseases. The results presented here suggest that alterations in transporter activity could profoundly impact the behavior of neuronal networks by regulating the excitability of interneurons, thereby contributing to the abnormal neuronal activity observed in disease states.
